The ratio of nitrate/ammonium in the soil decreases from a high level in the early stages of old field succession to a low level in the climax in the tall grass prairie region of central Oklahoma. Characteristic plant species from different stages of succession were grown in culture solutions where the total nitrogen content was held constant, but the form varied from nitrate only to ammonium only. The nitrate reductase activity of leaves and roots was measured in vivo. The results indicates that four pioneer species had relatively high levels of enzyme activity while four climax species had relatively low levels. Nitrate reductase activity was consistently higher in either the leaves or the roots of a species than in the other organ regardless of the nitrogen treatment. Enzyme activity generally decreased with decreasing nitrate concentrations, but seven cases were found where there were no significant differences in enzyme activity between any of the nitrogen treatments. All eight species had their highest shoot dry weights on the ammonium only treatment.
Introduction
Both (1941) reported that secondary succession in abandoned fields in the tall grass prairie region of southeastern Kansas and central Oklahoma has four prominent stages of revegetation: (/) the pioneer weed stage which lasts 2-3 years, (2) the annual grass stage lasting 9-13 years, (3) the bunch grass stage lasting 40 years or more, and (4) the climax tall grass prairie. The change in species composition during this succession has been of particular interest. Some species such as Helianthus annuus and Ambrosia trifida are found only in the recently abandoned fields, while others such as Sorghastrum nutans and Panicum virgatum are found only in the climax prairie. Rice and Pancholy (1972) found that the concentration of ammonium nitrogen increased from a low value in the pioneer weed stage to a high value in the climax, whereas the concentration of nitrate nitrogen decreased from a high value in the pioneer weed stage to a very low value in the climax. They also found that the number of nitrifiers was high in the pioneer weed stage but was low in the climax. They hypothesized that the soil under the climax vegetation was low in nitrate due to an inhibition of nitrification by the climax plant species.
Species that are adapted to a particular successional stage must be adapted to the nitrogen form available to them. In particular, the enzymatic systems for absorbing Offprint requests to: J.L. Smith and incorporating nitrogen should reflect the form of nitrogen used. Nitrate reductase (NR) is the enzyme involved in the first step of the reduction of nitrate into a form that a plant can use (Beevers and Hageman, 1980) . Species that use mostly nitrate as their nitrogen source should have relatively high levels of nitrate reductase activity (NRA), whereas species that use mostly ammonium as their nitrogen source should have relatively low levels of NRA.
We hypothesized therefore that the pioneer species in the tall grass prairie region should be adapted to nitrate as their primary nitrogen source and have relatively high levels of NRA. Climax species should be adapted to ammonium as their primary nitrogen source and should have relatively low levels of NRA. One goal of this study, therefore, was to determine if the NRA of a species depends on the successional stage in which the species occurs. Another goal was to determine the growth responses of species from the different successional stages to various ratios of nitrate to ammonium.
Methods and materials

Growth of the plants
Eight species were used in the study. Seeds of two species from the pioneer weed stage (Ambrosia trifida L. and Helianthus annuus L.), one species from the annual grass stage (Aristida oligantha Michx.), and three climax species (Panicum virgatum L., Schizachyrium scoparium Nash, and Sorghastrum nutans (L.) Nash) were collected in 1979 in the Norman, Oklahoma area. Seeds for the pioneer species, Bromus japonicus Thunb., were collected in the spring of 1978, Seeds collected locally for Andropogon gerardii Vitman failed to germinate, therefore, seeds from a nonlocal source were substituted in order that all four dominant grass species of the climax prairie could be tested. Seeds were stratified if necessary and germinated in plastic petri dishes on one sheet of Whatman No. 1 filter paper. The seedlings were transplanted into vermiculite in glazed ceramic pots, 12 cm in diameter and 20 cm deep. Planting densities of the seedlings were: 1 plant/pot (Helianthus annuus), 2 plants/pot (Ambrosia trifida), or 3 plants/pot (all grass species). Seedlings that died within the first 10 days after transplanting were replaced. The pots were then placed in a growth chamber immediately after transplanting. The growing conditions were: 28 ~ C day/20 ~ C night with a 16 h light (1,800 ft-c)/8 h dark photoperiod. Ambrosia trifida and Helianthus annuus were grown for ten weeks and all the grass species were grown for eight weeks before the determination of NRA.
The nitrogen treatments used were based on a modified Evan's minus-N solution (Moore, 1974) . The final concentrations of the mineral salts used were: CASO4-6 raM, MgSO,-2 mM, K2SO~-1.6 raM, KH2PO4-0.17 raM, Iron was added at a 50 gM concentration as iron chelated with ethylenediaminetetraacetic acid. Nitrogen was given as Ca(NO3) 2 or NH4C1 with a total nitrate and/or ammonium concentration of 0.33 raM. Calcium chloride was added as necessary to balance the Ca/+ content. The nitrogen form was varied so that a nitrogen treatment contained either nitrate only, a 2:1 ratio of nitrate/ammonium (on a molar basis), a 1:2 ratio of nitrate/ ammonium, or ammonium only. There were 10 replicate pots per nitrogen treatment. We found in preliminary experiments that ammonium concentrations higher than 0.33 mM caused toxicity. Consequently, the nitrate/ammonium concentrations were maintained below this level. The total nitrogen concentration used here was approximately twice that reported in the soil by Rice and Pancholy (1972) , but was still in an ecologically meaningful range. No apparent ammonium toxicity was observed at the 0.33 mM nitrogen content. The pH of the solutions was adjusted to 6.0. Each pot was given 100 ml of a nutrient solution three times a week for the first four weeks after transplanting, then five times a week for the remainder of the growing period. Distilled water was given as necessary to prevent desiccation. The pots were flooded on two consecutive days per week to prevent pH shifting and accumulation of the mineral salts. Spot checks of the pH of pot exudates indicated that the pH was 6.0-t-0.1. N-serve 24 E (2-chloro-6-(trichloromethyl)pyridine) (Dow Chemical Co.) was added at a rate of 0.1 ml/1 nutrient solution once per week to inhibit the oxidation of ammonium to nitrate by nitrifying bacteria (Goring 1962 ).
Enzyme assay
A modified in vivo assay system for NRA was used (Klepper et al. 1971; Jaworski 1971) . Preliminary experiments were run for each species on the roots and leaves of plants grown in nitrate only. These experiments were designed to maximize NRA by finding the optimal combinations of phosphate buffer, substrate (KNO3), incubation time length, and n-propanol for the incubation. The pH of the incubation medium was held at 7.5 (Kannangara and Woolhouse 1967) . The optimal combination of variables determined for the leaves and roots of each species was then used in the incubation for determining the NRA of that organ for all nitrogen treatments. The incubations were conducted two to three hours after the light period had started in order to maximize the NRA (Duke et al. 1978) . The leaves were prepared for incubation by removing the uppermost expanded leaves from each plant in the pot (Hallam and Blackwood 1979) . The leaves of Helianthus annuus and Ambrosia trifida were cut into I cm 2 pieces and the leaves of the grasses were cut into pieces approximately 1 cm long. The leaf segments for each pot were pooled and kept on ice. The roots were prepared by washing them free of vermiculite, then cutting them into 1 cm long pieces. The root segments from each pot were then pooled and kept on ice. The incubations were conducted in foilwrapped two dram vials. The incubation medium (minus n-propanol) had been previously added to the vials and chilled to 5 ~ C 12 h before the incubations. Approximately 0.2-0.5 g fresh weight of the segments was added to a vial. It was found that larger samples were sometimes necessary to accurately measure the NRA in species that had low levels of activity. N-propanol was added after the segments had been placed in the vials. It was found that high levels (10% v/v) were necessary in order to wet and sink the leaf segments of some of the grass species when the n-propanol was added to the incubation medium prior to addition of the sample. These high levels of n-propanol caused an interference in the determination of nitrite by allowing the leaching of some substance into the incubation medium that absorbed at 540 nm. Adding the n-propanol as a pulse after the segments had been placed in the vials allowed for the thorough wetting and sinking of the sample at lower npropanol concentrations (2-5% v/v) and avoided the interference problem. The roots and leaves of the plants from each pot were tested in triplicate. The vials were sealed and were incubated in a water bath at 30 ~ C. At the end of the incubation period, a 0.4 ml sample was withdrawn from each vial. Color formation for nitrite determination was obtained by adding 0.3 ml of a 1% sulfanilamide reagent and 0.3 ml of a 0.02% N-naphthylethylene diamine HC1 solution. The sample was diluted to 5 ml with distilled water and absorption was measured at 540 nm. The amount of nitrite present was computed from a standard curve generated the day of the test. The tissue was removed from the incubation medium, rinsed twice with distilled water, and dried at 80 ~ C for 24 h. The dry weight of the sample was obtained and the NRA was calculated as gM NO2/g dry wt/h. The NRA was calculated on a dry weight rather than a fresh weight basis because of the differing water content of the organs within a species and between species. The data were found to be heterogenous; therefore, a log transformation was made before a nested Analysis of Variance (ANOVA) was calculated. The triplicate readings for the leaves or roots of the plants from each pot were nested within each replicate pot of a nitrogen treatment. Differences between means were determined by a StudentNewman-Keuls test. The total shoot material per pot was saved and dried for 48 h at 80 ~ C, and the shoot dry weights were recorded. The shoot data were analyzed by ANOVA and differences between means were determined as before.
Results
The optimal incubation conditions that were determined for maximum NRA in the roots and leaves of each species are given in Table 1 . The optimal concentration of phosphate buffer and substrate was found to vary between the roots and leaves within a species and between species. The time required for a steady state of NRA was the same for both organs of the species, with the exception of Bromus japonicus and Andropogon gerardii, where the roots required less time than the leaves. There did not appear to be any correlation between the optimal incubation conditions and the successional stage of a species.
Both organs of each species tested showed some NRA. The amount of the activity varied between the roots and leaves, with one organ in a given species consistently showing higher NRA than the other under all nitrogen treatments. Five species had their highest NRA in the leaves (Table 2) and three species had their highest NRA in the (Table 3 ). There was no apparent correlation between the organ with the highest NRA and the successional stage of the species. The NRA of the leaves of the leaf-high pioneer species was always significantly higher (~=0.01) than that of the leaves of the leaf-high climax species, regardless of the nitrogen treatment (Table 2 ). The same pattern occurred in the roots except in the ammonium only treatment, where Helianthus annuus and Andropogon gerardii were not different.
There were also some significant differences between the NRA of the leaves and of the roots within the pioneer species and the climax species for one or more of the nitrogen treatments. The root-high species (Table 3) showed a similar correlation between the successional stage and NRA. The pioneer species, Bromus japonicus, was always significantly higher (c~= 0.01) in NRA than the two climax species Sorghastrum nutans and Schizachyrium seoparium, regardless of the organ or nitrogen treatment.
The pattern of NRA between nitrogen treatments for organs of a species was variable (Table 4 ). In general, NRA decreased with decreasing nitrate in the treatment. This was expected because NR is a substrate induced enzyme. In some instances, such as Helianthus annuus leaves, the nitrate only, 2:1, and 1 : 2 treatments did not show any significant difference in NRA, but all three treatments were significantly higher in NRA than the leaves from the ammonium only treatment. In cases such as Ambrosia trifida roots, the NRAs of the 2:1 and 1:2 nitrogen treatments were not significantly different from each other, but they were intermediate between the NRA of the nitrate and ammonium only treatments. Sorghastrum nutans and Schizachyrium scoparium roots showed a pattern of NRA in which the nitrate only and 2:1 treatments grouped together, the 1:2 treatment was intermediate and the ammonium only treatment was significantly less. Seven cases were found where there was no apparent inducibility of the enzyme because there were no significant differences between any of the nitrogen treatments. Four of these cases (Schizachyrium scoparium leaves, Sorghastrum nutans leaves, Andropogon gerardii roots, and Aristida oligantha roots) occurred in the Table 3 . Nitrate Reductase Activity of root-high species. Symbols as in Table 2 Species gM NO2/g dry wt/h-antilog of log mean with SD (Fig. 1) indicated that the nitrate grown plants showed NRA almost immediately while the ammonium grown plants showed a lag of 30-45 min before NRA could be detected. The final NRA shown by the ammonium grown plants was somewhat less than that of the nitrate grown plants, but the difference was not significant.
The shoot dry weights indicated a correlation between successional stage and response to the nitrogen treatment (Table 5 ). All eight species attained their highest shoot dry weight with the ammonium only treatment. Three of the pioneer species (Helianthus annuus, Aristida oligantha, and Bromus japonicus) had no significant differences in shoot dry weight between the nitrate only, 2:1, and 1 : 2 nitrogen treatments. The shoot dry weight in the ammonium only treatment was significantly higher than in any combination of nitrate/ammonium or nitrate only. Ambrosia trifida had an increase in shoot dry weight with the shifting of the nitrate/ammonium ratio from nitrate only to ammonium only. All climax species had two groups of shoot dry weight response. The nitrate only and the 2:1 treatments grouped together and the 1:2 and ammonium only treatments grouped together. The all or mostly nitrate group had a significantly lower shoot dry weight than the all or mostly ammonium group.
Discussion
The pattern of NRA was correlated with the successional stage of the species as had been hypothesized. These results are in complete agreement with the information obtained in other studies. Havill et al. (1974) reported that ruderal plants had the highest NRA of any species they tested. Bate and Heelas (1975) and Franz and Haines (1977) reported that pioneer species had high NRA while climax species had low NRA. The field NRA values obtained by Franz and Haines were very close to the values reported here. They found an average NRA of 47 gM NO2/g dry wt/h for the leaves of herbs in their old field stage 1, and an average value between I and 2 gM NOz/g dry wt/h for the leaves of the climax tree species (personal communication).
The occurrence of NRA in both leaves and roots of ammonium grown plants for all eight species tested would appear to be contradictory to the induction of the enzyme by substrate. This also suggests that low levels of constitutive enzyme are present and that induction increases the NRA above this base level. Several studies have indicated, however, that either NR or a NR precursor is present in ammonium grown plants (Funkhouser and Ramadoss 1980; or the plants have preformed messenger RNA for NR synthesis (Hipkin and Syrett 1977) . Other workers have indicated that both light (Tischner and Hiittermann 1978) and substrate (Pistorius et al. 1976) induction of NR involves the shift of NR from an inactive to an active form. Orebamjo and Stewart (1975) suggested that the shifting of inactive to active NR can be reversed and may involve protein-protein interaction. They hypothesized that inactivation of NR by an ammonium triggered protein would enable the plant to use ammonium preferentially and prevent the energy expense of reducing nitrate. Such an inhibitor could be removed when the ammonium concentration falls below some threshold level, reactivating the NR. The lag phase observed in this study in the NRA of ammonium grown Bromus japonicus roots suggests that this species may have an inactivated NR caused by the presence of ammonium, but that the NR can be activated by the nitrate in the incubation medium. This could explain why the NRA values for Bromus japonicus roots were not significantly different between the nitrogen treatments. In all seven cases of apparent noninducibility of NR, one of the two organs showed inducibility by substrate while the other organ did not. This suggests that at least one organ of each species could change NRA in response to changing nitrate concentrations while the other organ may not. Radin (1975) suggested that roots and shoots of cotton plants responded differently to ammonium inhibition and that each tissue might be under a different control system.
The shoot dry weight data showed that the pioneer and climax species differ in their growth response to changing nitrate/ammonium ratios. Three of the pioneer species had the same shoot dry weights regardless of the nitrate/ammonium ratio. Their dry weights were increased significantly solely in the presence of ammonium only. All four climax species had the same shoot dry weight in the 1:2 or all ammonium treatments. Thus they demonstrate a greater Warner and Kleinhofs (1981) in that they have low levels of NRA but are still able to grow normally on nitrate only. The present study does not conclusively prove the NR-active to NR-inactive switch, but it does provide evidence that several factors may be involved in obtaining and utilizing soil nitrogen. Rice and Pancholy's (1972) hypothesis that climax vegetation inhibits nitrification has been examined in a large variety of successional systems. In some studies the evidence supports the theory (Haines 1977; Lodhi 1979) and in other studies it does not (Lamb 1980; Robertson and Vitousek 1981) . In some instances the evidence is not clear (Montes and Christensen 1979) or the inhibition is dependent on the parent material from which the soils under the climax vegetation were derived (Nakos 1977) . Alternative hypotheses have also been suggested (Vitousek 1977; Vitousek and Reiners 1975) . It would be premature to generalize that all successional systems exhibit the same NRA pattern that was found in this study. If the soil nitrogen form is observed to shift from nitrate to ammonium during the succession, a similar adaptation of the NRA of the species might be expected. The data presented here show that the distribution of plant species across a sere can be correlated with their ability to utilize the nitrogen form available to them. The conclusion is that the successional position of a species is correlated with its physiological adaptation to the nitrogen form in the soil.
